Fourier transform infrared ͑FTIR͒ spectrometer is a powerful tool for studying the photoluminescence ͑PL͒ properties of semiconductors, due to its well-known multiplexing and throughput advantages. However, it suffers from internal He-Ne laser disturbance in near-infrared and/or environmental background thermal emission in mid-and far-infrared spectral regions. In this work, a modulated PL technique is developed based on step-scan ͑SS͒-FTIR spectrometer. Theoretical analysis is conducted, and applications of the technique are given as examples in the PL study of mid-infrared HgCdTe thin films and near-infrared GaInP / AlGaInP multiple quantum wells, respectively. The results indicate that the He-Ne laser and/or thermal emission disturbance can be reduced at least 1 / 1000 and/or even 1 / 10 000, respectively, by the modulated SS-FTIR PL technique, and hence a rather smooth PL spectrum can be obtained even under room temperature for HgCdTe thin films. A brief comparison is given of this technique with previously reported phase-sensitive modulation methods based on conventional rapid-scan ͑RS͒-FTIR spectrometer, and the advantages of this technique over the former RS-FTIR-based ones are emphasized.
I. INTRODUCTION
Photoluminescence ͑PL͒ as a powerful nondestructive optical spectroscopy has been widely employed in the studies of the optical properties of semiconductors, and drastically advanced the understanding of the optoelectronic characteristics of related materials. It can not only reveal materials' electronic band structures such as band gap and band-tail states but also provide perspective to impurities and deep-level defects. 1 Profiting from the well-known multiplexing advantage of using a single detector to measure all of the signals simultaneously and throughput advantage of sharing noise from this detector among all of the recorded signals equally, 2, 3 Fourier transform infrared ͑FTIR͒ spectrometer based PL spectroscopy 4 has found fruitful applications, especially in the areas where the traditional dispersive spectrometer could not operate effectively. However, it suffers from internal He-Ne laser disturbance in the near-infrared ͑NIR͒ spectral region, due to its intrinsic limitation. What is worse is that in the mid-to far-infrared ͑MIR-FIR͒ spectral region, in which crucial technological interests for optoelectronic devices exist, weak PL signal is ruined by strong environmental background thermal emission, which occurs around 10 m at room temperature and may fully cover up any weak PL signal.
To eliminate the thermal emission disturbance, different techniques were previously discussed. 5, 6 Reisinger et al. designed two techniques to facilitate the extraction of the PL spectrum in the MIR-FIR region. 5 One was frame-to-frame subtraction of the spectra with pumping laser powered on and off, respectively. The other was so-called doublemodulation with periodic modulation of pumping laser amplitude and phase-sensitive detection ͑PSD͒, based on a rapid-scan ͑RS͒-FTIR spectrometer. Comparison suggested that the double modulation was obviously superior to the frame-to-frame subtraction, though the former experienced rather tough limitation to the choice of the sampling time constant of lock-in amplifier ͑LIA͒ for short-wavelength PL measurements. Fuchs et al. presented a phase-sensitive excitation ͑PSE͒ modulation PL method, also based on RS-FTIR spectrometer, to separate PL signal from dominant background thermal emission, 6 and relaxed the restriction on the sampling time constant of LIA. As it just separated PL from the background thermal radiation, however, the dynamic range of the detector, and hence the signal-to-noise ratio ͑SNR͒ of the PL signal as well, was limited. And it might have suffered from the interference of the intense line in carrier frequency and could not run safely with higher spectral resolution. 6 It is noteworthy that both the previous RS-FTIR-based PSD and PSE modulation techniques could not be used to eliminate the disturbance of the internal He-Ne laser line for the PL spectra around 630 nm, because of either the difficulty of realization ͑the former͒ or the presence of the He-Ne laser line as an intrinsic characteristic ͑the latter͒. This disadvantage gets more apparent when the PL transition in the spectral range of 600-700 nm is to be studied. The disturbance from the He-Ne laser line may either distort the real PL signal or even cover up the weak PL feature if they are just around the He-Ne laser line.
In this article, we introduce a new phase-sensitive detec-tion PL technique based on step-scan ͑SS͒-FTIR spectrometer. Theoretical analysis indicates that it can fully remove the interference of either the background thermal emission or the internal He-Ne laser line, and hence can be applied in a wide spectral range from far infrared to near infrared. Successful applications are given as examples in the PL study of HgCdTe thin films and GaInP / AlGaInP multiple quantum wells ͑MQWs͒. The results approve the efficiency of the technique in eliminating the internal and external disturbances, enhancing sensitivity and hence SNR even under room temperature. A brief discussion is made and a conclusion is reached finally.
II. EXPERIMENTAL CONFIGURATION
The experimental setup for the modulated PL spectroscopy is schematically illustrated in Fig. 1 , based on a FTIR spectrometer with both RS and SS capabilities. It consists of three major parts, a SS-FTIR spectrometer, a pumping laser, and a combination of mechanical chopper and dual-channel LIA. It runs in either SS mode for the modulated SS-FTIR PL measurement or RS mode for the conventional RS-FTIR PL measurement if the dash-dot box is removed from the configuration. The FTIR spectrometer contains a Michelson interferometer and a detector enclosed in the dashed box in Fig. 1 , an electronic controller, and a FT computing device. It serves the purpose of PL signal detection, spectrum calculation, and recording. The detector output of the FTIR spectrometer is either fed directly to the electronic controller for conventional RS-FTIR PL, or fed firstly to the LIA and the LIA's output to the electronic controller for the SS-FTIR PL configuration for the FT calculation of final PL spectrum. The pump beam, which is provided by the pumping laser, is amplitude modulated for the modulated SS-FTIR PL measurement by the mechanical chopper. The mechanical chopper produces a "square wave" optical excitation function. The first harmonic of that function is analyzed by the LIA.
The sensitive spectral range where the setup is mostly sensitive is mainly determined by the proper combination of the beam splitter, the detector of the FTIR spectrometer and the energy of the pumping laser. For example, it will cover the wavelengths of 1.3-16 m with a combination of KBr beam splitter and liquid-nitrogen cooled HgCdTe detector, or 0.5-1.1 m with a combination of CaF 2 beam splitter and Si-diode detector, both with an Ar + laser.
III. THEORETICAL ANALYSIS
The procedure of recording a spectrum is as follows for a FTIR-spectrometer-based PL measurement: ͑i͒ the FTIR spectrometer records at a time a point of interferogram I͑␦͒ containing all the spectral information of the light impinging on the detector while the scanner of the FTIR's interferometer is scanning; ͑ii͒ a whole interferogram is obtained after a complete scan of the FTIR scanner, and ͑iii͒ it is Fourier transformed to yield the final PL spectrum B͑͒. The relation between I͑␦͒ and B͑͒ can be ideally written as
where ␦ and are optical retardation in centimeters and wave number in cm −1 , respectively. For a FTIR spectrometer running in the RS mode, the scanner of the interferometer moves at a constant velocity during data acquisition, causing the different wavelengths of light in the broadband infrared beam to be modulated at different frequencies,
where v is the scanner velocity in the unit of cm/s. To introduce an additional modulation, e.g., to the pumping laser as done by Reisinger et al., 5 crucial attention has to be exercised to keep the additional modulation frequency well separated from these frequencies. This, in some cases, is indeed very difficult to secure, and the mixing of two types of frequencies may occur.
When the FTIR spectrometer runs in the SS mode, on the other hand, the scanner of the interferometer steps to a FIG. 1. Schematic of the experimental setup for photoluminescence spectroscopy with a FTIR spectrometer in either rapid-scan ͑RS͒ or step-scan ͑SS͒ mode.
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position of fixed optical path difference by using the internal He-Ne control signal, and can remain perfectly still at that position ͑v =0 cm/s͒ while data acquisition takes place. 8 This means that all the different wavelengths of light in the broadband infrared beam are modulated at an identical frequency of 0 Hz in the point of view of data acquisition, and the separation of the two types of frequencies is straightforward. For either modulation, the sampling time of the LIA should be, as a rule of thumb, significantly longer than the modulation period, and shorter than the waiting time before each data acquisition process to warrant a PL spectrum with a possibly high SNR. It is hence apparent for the difference between the previous RS-FTIR and the SS-FTIR modulated PL spectroscopy that the LIA sampling time constant can only be 1 ms order of magnitude for the former but can be as high as necessary ͑for a modern LIA, the highest sampling time constant is in the order of magnitude of 10 s͒ for the latter, due to the elimination of the Fourier frequency in the latter case.
For the experimental configuration schematically illustrated in Fig. 1 , the detector sees three different parts of light,
where
if the pumping laser is fully stopped at the entrance of the FTIR spectrometer and hence not seen by the detector. Here I PL ͑␦͒ is the PL signal from the sample being measured and is normally a narrow peak. I He-Ne ͑␦͒ is the internal He-Ne laser line of the FTIR spectrometer and is very sharp centered at 15 798 cm −1 . I thermal ͑␦͒ is the background thermal emission, which is a broadband centered around 10 m at room temperature.
For the conventional RS-FTIR PL configuration, as depicted in Fig. 1 without the chopper/LIA set in the dash-dot box, the signal I d ͑␦͒ is directly fed to the electronic controller. The final signal and corresponding spectrum determined by Fourier transform calculation are, respectively,
which contains obviously all the signals the detector sees. By the way, if the chopper/LIA set is incorporated while the scanner keeps in the RS mode, a RS-FTIR-based modulated PL spectroscopy is obtained similar to that of Reisinger et al. 
It is then multiplied with the reference signal by a phasesensitive detector, and the final signal I LIA ͑͒ fed to the electronic controller is
by setting a proper sampling time constant to the LIA to filter out all the and 2 components of the signal. Here K LIA is the transfer function of the LIA, which is mainly determined by the sensitivity setting of the LIA and can be taken as a constant in the frequency range considered. The corresponding spectrum is hence obtained after FT calculation,
The phase ͑ PL − ref ͒ dependency can be eliminated by using a second phase-sensitive detector of LIA, which multiplies the I SS d ͑␦͒ with the reference signal shifted by 90°. After a similar calculation, it reaches
and hence
The difference can be easily observed between the conventional RS-FTIR and the modulated SS-FTIR PL methods by comparison of Eqs. ͑5͒ and ͑10͒. The conventional RS-FTIR PL spectrum contains either the He-Ne laser disturbance or the background thermal emission, depending on which spectral region of the spectrum is recorded. Meanwhile, the modulated SS-FTIR PL spectrum only contains the PL signal induced by the pumping laser for all spectral regions. It is extremely impressive when the PL of the investigated sample falls into the spectral region around 630 nm and/or 10 m, where the PL would be either seriously disturbed by the He-Ne laser or flooded by the background thermal emission.
IV. TYPICAL APPLICATIONS
As the initial motivation of the modulated FTIR-based PL is to eliminate/separate background thermal emission from the PL signal in the MIR spectral region, we first check our technique by Hg 1−x Cd x Te epitaxial layers with low x fraction. The pumping light was 514.5 nm line of an Ar + laser with the pumping power being set at 100 mW for the conventional RS-and 30 mW for the modulated SS-FTIR PL measurements, respectively. A Bruker IFS 66v/S step-scan-FTIR spectrometer was employed, and configured with a KBr beam splitter and a liquid-nitrogen cooled HgCdTe detector. Figure 2 shows PL spectra for a HgCdTe thin film prepared by molecular beam epitaxy, of which Fig. 2͑a͒ is recorded by the conventional RS-FTIR PL method, and Fig.  2͑c͒ is obtained by the modulated SS-FTIR PL technique.
The difference is clear for the two PL spectra. The spectrum in Fig. 2͑a͒ manifests a strong peak around 0.13 eV, which is ascribed definitely to the background thermal emission. Besides, it contains a very weak feature that could be hardly be detected around 0.6 eV. The intensity ratio of the background thermal emission to the weak feature is about 106. The spectrum in Fig. 2͑c͒ , on the other hand, is flat in the spectral region around 0.13 eV, but shows a PL peak around 0.6 eV with a reasonable SNR of about 40. According to the temperature-and composition-dependent Further difference can be detected by comparing Fig.  2͑c͒ to 2͑b͒, the latter is the zoom in of the dash-dot box in Fig. 2͑a͒ with a factor of 100 and its SNR is about 8. The modulated SS-FTIR PL spectrum, on the other hand, has a higher SNR of about 40 even under lower pumping power ͑density͒. This means that the modulated SS-FTIR PL can at least scale down the intensity of the background thermal emission by a factor of about 4200, in relation to the PL. Therefore, it may be concluded that the modulated SS-FTIR PL can eliminate background thermal emission and enhance spectral SNR.
The necessity and the importance as well of eliminating the background thermal emission get more apparent when the PL signal from the material system being investigated falls into the spectral region where the background thermal emission is dominant. A good example is given in Fig. 3 of the PL spectra for a molecular beam epitaxy grown Hg 1−x Cd x Te thin film with x = 30% at liquid-nitrogen temperature. Similar to the arrangement of Fig. 2, here Fig. 3͑a͒ illustrates a spectrum obtained by the RS-FTIR PL method without a modulation of the pumping laser. Figure 3͑b͒ is the zoom in of the HgCdTe band-band-transition-related spectral region by a factor of 12. Figure 3͑c͒ is a PL spectrum recorded by the modulated SS-FTIR PL technique. A simple calculation indicates that the main PL peak in Fig. 3͑c͒ is from the Hg 1−x Cd x Te-related transition with x = 30%.
It is obvious that for such a low-x-composition Hg 1−x Cd x Te thin film, the PL transition could not be traced by the conventional RS-FTIR method even under a liquidnitrogen temperature. Hence the intensity ratio of the background thermal emission to the PL equals at least the SNR, which is about 1500. In contrast, the modulated SS-FTIR PL spectrum does not show any evidence of the background thermal emission but clearly identifies the material-related PL transition with a SNR of about 64. This means that the modulated SS-FTIR PL can scale down the intensity of the background thermal emission by a factor of about 10 5 , and hence provide a pathway to explore well optical properties and physical mechanisms behind. It is worthy to mention FIG. 2 . PL spectra of a Hg 1−x Cd x Te thin film ͑x =52%͒ recorded at room temperature by ͑a͒ conventional RS-FTIR PL method with 100 mW pumping power and ͑c͒ modulated SS-FTIR PL technique with 30 mW pumping power. The PL peak around 0.6 eV is ascribed to HgCdTe-related transition, according to the empirical band gap energy of the material at room temperature. To clearly see the PL details in ͑a͒, the HgCdTe-related region enclosed in dash-dot box is zoomed in with a factor of 100 and illustrated in ͑b͒.
FIG . 3 . PL spectra of a Hg 1−x Cd x Te thin film with x = 30% at liquid-nitrogen and room temperatures. ͑a͒ Conventional RS-FTIR PL spectrum obtained with 100 mW pumping power, ͑b͒ zoomed-in spectral region enclosed in the dash-dot box of ͑a͒ by a factor of 12, which is relative to the HgCdTe transition, and ͑c͒ modulated SS-FTIR PL spectrum obtained with 30 mW pumping power. The main PL peak is ascribed to HgCdTe-related transition, according to the empirical band gap energy of the material, and the dip around 0.29 eV ͑pointed by the vertical arrow͒ is induced by CO 2 absorption. ͑d͒ Modulated SS-FTIR PL spectrum taken at room temperature.
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that the PL measurement was performed with the optical bench of the experimental system being purged with dry air, and hence the carbon dioxide ͑CO 2 ͒ absorption at 4.26 m ͑or 0.291 eV, equivalently͒ should be detectable as soon as the PL signal located at the same spectral region. This is coincident with the fact that a small dip is obvious around 0.29 eV in the modulated SS-FTIR PL spectrum as marked by a vertical arrow in Fig. 3͑c͒ . It should be emphasized that for such a low-x-composition Hg 1−x Cd x Te sample, the PL spectrum with a reasonable SNR can be recorded with the modulated SS-FTIR PL technique even at room temperature. An example is given in Fig. 3͑d͒ for the same sample. Here, the temperature effect is obvious to the material band gap: the PL peak manifests blueshift with respect to that in Fig.  3͑c͒ .
To check the function of the technique in the NIR region around 630 nm, an In 1−x Ga x P / AlGaInP MQW sample is employed. The sample was prepared by metal-organic vaporphase epitaxy on ͑001͒ GaAs substrate at a temperature of 700°C: On the top of the Si-doped GaAs substrate, a 30-nm-thick GaAs buffer layer was grown, followed by a 2-nm-thick GaInP layer and a 20-nm-thick ͑Al 0.66 Ga 0.34 ͒ 0.52 In 0.48 P layer, then ten periods of 10 nm GaInP / 4 nm͑Al 0.66 Ga 0.34 ͒ 0.76 In 0.24 P QWs were grown, with a 50-nm-thick ͑Al 0.66 Ga 0.34 ͒ 0.52 In 0.48 P buffer layer and a 2-nm-thick GaInP cap layer as the end of the structure. 10 The pumping light was set at 488 nm line with a pumping power of 40 mW. The spectrometer was configured with a visible beam splitter and a Si-diode detector. Figure 4 depicts the PL spectra recorded by the RS-FTIR ͑a͒ and the modulated SS-FTIR ͑c͒ PL techniques, of which the broad peak around 1.86 eV corresponds to band-band transition of the GaInP MQWs, according to the model-solid theory. 10 To observe the details of the PL signal from the RS-FTIR measurement, the related spectral region enclosed by the dash-dot box in Fig. 4͑a͒ is zoomed in by a factor of 30, and replotted in Fig. 4͑b͒ . It is clear that for the RS-FTIR PL spectrum, the internal He-Ne laser line of the FTIR spectrometer, locates at about 1.96 eV, dominates the PL signal from the GaInP MQWs around 1.86 eV, with the intensity ratio of the laser line to the PL being about 34. Meanwhile it is no longer visible in the SS-FTIR PL spectrum as depicted in Fig. 4͑c͒ . As the SNR of the SS-FTIR PL spectrum is higher than 110, it is clear that the SS-FTIR PL technique can at least scale down the internal He-Ne disturbance to its 1 / 3700, in relation to the MQWs-related PL intensity, at this excitation power level. It is worthy to mention that in Fig.  4͑c͒ a weak feature can be detected around 1.4 eV, which by no means can be traced out in Fig. 4͑a͒ or even Fig. 4͑b͒ with a 30 times amplification of the intensity. This may suggest that the SS-FTIR can, besides eliminating the disturbance, improve the PL detectivity and hence may be used also when the PL signal is extremely weak.
V. DISCUSSION
As mentioned in Sec. III, the most distinct feature, which distinguishes the modulated SS-FTIR PL technique from both previous RS-FTIR-based PSD and PSE modulation methods, is that in the step-scan mode there is no Fourier frequency in the point of view of data acquisition. It therefore totally resolves the difficulty of compromising among modulation frequency, scanner velocity, and LIA sampling time constant. The direct results are the obvious advance in either applicable spectral region or experimental time consumption for a single PL spectrum with a reasonable spectral SNR. To facilitate a simple comparison, we take the previous work by Reisinger et al. and Fuchs et al., respectively, as good examples of the RS-FTIR-based PSD ͑Ref. 5͒ and PSE ͑Ref. 6͒ double-modulation PL methods.
We note that with the configuration of a 4 kHz chopper frequency and 0.0355 cm/ s scanner velocity employed in Ref. 5 , the widest applicable spectral range for the RS-FTIRbased PSD technique was up to about 5700 cm −1 , which is far away from the demand for the application in the NIR region. Alternatively, if the NIR spectral region was insisted on, the scanner velocity should be as slow as 0.0127 cm/ s, which would be too slow for the scanner being controlled well. In the both cases, the maximal sampling time constant of the LIA was only in the order of magnitude of 1 ms, which for weak signal was simply too short to ensure phase locking for the LIA. For the RS-FTIR-based PSE method described in Ref. 6 , the internal He-Ne laser line Fourier frequency was normally chosen as the carrier frequency, for the sake of securing a precise phase stability. This means such an arrangement could not be directly applied to the measurement, as shown in Fig. 4 , in the spectral region around 630 nm.
For the experimental time consumption for recording a PL spectrum, we notice 500 scans were repeated for a single FIG. 4 . PL spectra of In 1−x Ga x P / AlGaInP multiple quantum wells with x = 52% at room temperature. ͑a͒ Conventional RS-FTIR PL spectrum obtained with 40 mW pumping power, ͑b͒ zoomed-in spectral range enclosed in the dash-dot box by a factor of 30, and ͑c͒ modulated SS-FTIR PL spectrum with 30 mW pumping power. The broad peak around 1.86 eV is relative to the GaInP MQW transition and the weak feature around 1.4 eV is due to the substrate of the MQW sample. The sharp peak around 1.96 eV in ͑a͒ and ͑b͒ is caused by the internal He-Ne laser. spectrum in Ref. 5 , which means a duration of about 25 min for the scanner velocity of 0.0355 cm/ s and a spectral resolution of 10 cm −1 . The same situation was also true for the RS-FTIR-based PSE modulation technique. It delivered a PL spectrum with a similar SNR to that of the PSD measurement in a similar experimental duration, and 8000 scans and a total duration of 140 min were consumed to establish an example spectrum at a resolution of 12 cm −1 with a reasonable SNR. 6 It should be emphasized that all the aforementioned measurements were taken at a low temperature. With our modulated SS-FTIR PL technique, however, a PL spectrum with comparable SNR and spectral resolution can generally be recorded within a duration of about 5 min for HgCdTe material systems under room temperature.
To summarize, a new modulated PL technique has been developed based on a SS-FTIR spectrometer. Theoretical analysis illustrates that it can eliminate well the disturbance of either the background thermal emission in the MIR or the FTIR internal He-Ne laser line in the NIR spectral region. Two semiconductor material systems of HgCdTe thin films and GaInP MQWs were used as examples to check the function of the technique. The results indicate that the technique can be well applicable in the MIR and NIR spectral regions even at room temperature. A brief comparison of this technique was made with the conventional PL and previous RS-FTIR-based PSD and PSE double-modulated PL methods, and emphasis was given to the advantages of this technique over the RS-FTIR-based modulation methods. This modulated photoluminescence spectroscopy has manifested its possible advantage on the Hg composition distribution analysis in the submicron scale. 
